Abstract: It is well known that visible light communication (VLC) systems with the direct current-biased optical orthogonal frequency division multiplexing (DCO-OFDM) scheme suffers from high peak-to-average power ratio (PAPR), which leads to serve distortion and degradation of the output of light emitting diodes. Selected mapping (SLM) technique is an attractive PAPR reduction technique for radio frequency OFDM systems. However, conventional SLM (CSLM) techniques cannot be adopted directly in DCO-OFDM VLC systems because DCO-OFDM VLC signals are restricted to have positive real values. Moreover, CSLM requires transmission of side information (SI) to identify which candidate signal is selected. To avoid the transmission of SI, a novel phase sequence is proposed for the SLM scheme with blind SI detection in DCO-OFDM VLC systems. The proposed phase sequences consist of the magnitude extension and phase rotation factors, where the former factors enable the blind detection of SI, and the latter factors aim to decrease the PAPR. Particularly, the magnitude extension factors are designed to have the symmetry and periodicity. Compared with basic DCO-OFDM with no PAPR reduction scheme, the proposed scheme achieved significant PAPR reductions of 2.1 dB, 3.4 dB, 4 dB, and 4.2 dB for a complementary cumulative distribution function of 10 −3 and V = 4, V = 8, V = 16, and V = 31, respectively. Simulation results show that the proposed schemes achieve comparable PAPR reduction performance with the CSLM scheme without the need for SI. Moreover, the proposed SI detection scheme achieves almost the identical bit error rate performance as the CSLM scheme with perfect SI detection with a slight increase in transmitted average power and lower computational complexity.
Introduction
The use of visible light communication (VLC) as a supplement for next-generation wireless communication is being considered owing to its advantages such as high security, localization capability, and license-free spectrum [1] . To achieve higher data rates and the ability to combat intersymbol interference (ISI), orthogonal frequency division multiplexing (OFDM) has been considered for implementation in VLC systems. Three well-known techniques, namely, DC-biased optical orthogonal frequency division multiplexing (DCO-OFDM) [2] , asymmetrically clipped optical OFDM (ACO-OFDM) [3] , [4] , and Flip-OFDM [5] , have been proposed for VLC systems. Although OFDM-based VLC systems have the advantages of a radio frequency OFDM, they are affected by the high peak-to-average power ratio (PAPR) problem. Several algorithms have been proposed to reduce PAPR in traditional radio frequency OFDM systems, including selected mapping (SLM), partial transmit sequence (PTS), tone reservation (TR), and clipping ,etc. as summarized in the literature [6] . Because a transmitted VLC signal must be positive and real, most conventional PAPR reduction methods may not applicable to VLC systems.
As far as we know, only a few PAPR reduction schemes have been proposed for VLC systems [7] - [14] . In [7] and [8] , a pilot-aided PAPR reduction scheme was proposed, whose PAPR reduction performance can be determined by the number of pilot sequences. However, this method leads to data rate loss and degrades bandwidth efficiency. The iterative clipping and exponential nonlinear companding methods are other ways to reduce PAPR in VLC systems [9] , [10] . One drawback of these methods is that the property of the transmitted VLC signal is destroyed. For ACO-OFDM VLC systems, a discrete Hartley transform (DHT) spread technique has been proposed to reduce PAPR at the cost of spectral efficiency when compared to DCO-OFDM VLC systems [11] . In [12] and [13] , the modified active constellation extension and the tone injection schemes were proposed to reduce PAPR in DCO-OFDM VLC systems. The computational complexity of these methods is extremely high because they need to search over all possible combinations of the expanded constellation. Moreover, the five different phase sequences, namely, chaotic sequences, Shaprio-Rudin sequences, Walsh-Hadamard sequences, and pseudo random interferometry code sequences, used as the phase sequences of the selected mapping were proposed in [14] . Unfortunately, side information (SI) is required at the receiver to identify the transmitted candidate signals. To the best of our knowledge, the SLM scheme without the requirement of SI has not been studied in the DCO-OFDM VLC systems.
In this paper, we focus on PAPR reduction in DCO-OFDM VLC systems because those systems have better spectral efficiency than that of ACO-OFDM systems, in addition to configurable DC bias. To achieve PAPR reduction without sacrificing bandwidth efficiency due to extra SI transmissions, a novel PAPR reduction scheme without transmission of SI, namely, symmetric selected mapping (SSLM), is proposed for DCO-OFDM VLC systems. In the proposed scheme, candidate signals can be generated by multiplying the data signals with one of the V predefined phase sequences, where the components of each phase sequence may include magnitude extension and phase rotation. The difference and contribution of our proposed phase sequences can be summarized from two different perspectives. First, traditional phase sequences used to reduce PAPR in VLC systems have the equal magnitude, resulting in data loss caused by the transmission of SI. Second, the proposed phase sequences may include magnitude extension and phase rotation. The corresponding SI is embedded in a particular set of locations inside the phase sequences at which the amplitudes are extended. To guarantee real-valued time domain signals and enhance the SI detection accuracy, the locations of the magnitude extension factors are designed as having the symmetry and periodicity. The phase rotation factors are generated randomly over [0, 2π), while the identical phase rotation factors for any two candidate signals should be excluded. Finally, we have developed a low-complexity SI detection scheme to identify the index of transmitted candidate signals by exploiting the unique of magnitude extension of each candidate signal. Simulation results show that the proposed SI detection scheme achieves almost the same bit error rate (BER) performance as the CSLM scheme with perfect SI detection with a slight increase in transmitted average power and lower computational complexity.
The rest of this paper is organized as follows. Section II describes the conventional SLM scheme for DCO-OFDM VLC systems. Section III illustrates the constructions of the proposed phase sequences and the corresponding candidate signals with embedded SI and SI detection algorithm is also presented in this section. Section IV analyzes and compares the computational complexities of blind SI detection schemes. Computer simulation results are demonstrated in Section V. Finally, Section VI provides the concluding remarks. is an input data symbol in the frequency domain, where X (k) denotes the M -ary phase shift keying (M-PSK) or M -ary quadrature amplitude modulation (M-QAM) modulated symbols of the kth subcarrier with zero-mean and variance 
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whereX denotes the complex conjugate of X and X
k . When V phase sequences are constructed, the vth candidate signal in the time domain can be generated by applying the N -point inverse fast Fourier transform (IFFT) on (1) as
where 0 ≤ n ≤ N − 1 and X
(v)
CSLM (k) is given by (1) . The PAPR of the vth transmitted signal in the electrical domain is defined as
where thex
CSLM (n) with an oversampling factor of L . Subsequently, the transmitted candidate signal is determined based on the minimum PAPR as follows:v
Although the PAPR performance can be improved by increasing the number of phase sequences, the information about the transmitted candidate signal has to be sent to the receiver as SI, which leads to loss of bandwidth efficiency. Robust channel coding schemes are typically used to prevent the erroneous detection of the SI. Clearly, the total redundancy may exceed log 2 (V ) bits, which results in data rate loss. In a DCO-OFDM VLC system, a biasing and clipping process should be employed before the optical signal is transmitted. In biasing, DC bias level is denoted by D C b and is always added to the x (v) CSLM ensure that the transmitted signal is unipolar. However, to minimize the required optical power and avoid a larger DC bias, D C b is relative to the root mean square (RMS) of signal x
in the electronic domain [3] , as given by
where η is a constant and we define D C b as a bias of 10log 10 (η 2 + 1) dB. Subsequently, the double side clipping is performed during the clipping process and the clipped signal (i.e., the real and nonnegative signal) is subsequently fed to the light-emitting diode (LED) input. In VLC systems, high PAPR leads to performance loss due to the nonlinear characteristic of LED [15] . The V-I characteristics curve of an ideal LED is shown in Fig. 2 , where V tov is the turn on voltage, V sat is the input saturation voltage, and V avg is the input average voltage. The turn on voltage, usually of order 1 to 4 V, is the point from which the current increases sharply with the input voltage. As shown in Fig. 2 , the nonlinearity of a LED occurs as the forward voltage is above V sat or below V tov . In other words, if input voltage is not within the interval of V tov and V sat , the signal will be clipped. After biasing and clipping process, the obtained unipolar signal used to drive LED is given bỹ
where n(D C b ) is the clipping noise component. Finally, a cyclic prefix is inserted at the beginning of each DCO-OFDM symbol to prevent intersymbol interference in diffuse optical channels. Fig. 3 shows the block diagram of the transceiver with the proposed PAPR reduction and blind SI detection schemes in DCO-OFDM VLC systems. In contrast to CSLM scheme, the data symbol X is multiplied component-wise with each one of the V different phase sequences P
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k=0 , where the k element of each phase sequence is given by P (v)
k is real-valued parameter which equals and larger than 1 (i.e., A
k is used to facilitate the blind detection of the SI and phase rotation factor e jφ (v) k aims to reduce PAPR. In our proposed scheme, the corresponding SI is em- bedded in a particular set of locations inside the phase sequences at which the magnitudes are extended, leading to no SI is required to be transmitted. To guarantee real-valued time domain signals, the magnitude amplification and phase rotation factors are also constrained to have Hermitian symmetry as A
k . Consequently, the Hermitian symmetry encoded signal is expressed as
where
k . The difference between (1) and (7) is that the phase sequence of CSLM is constant modulus while the SSLM scheme is not. By applying IFFT operation on (7), the V time domain signals can be obtained and the one with the lowest PAPR among them is selected to transmit. Similar to (6), the selected candidate signal passes through the biasing and clipping process to ensure the signal to be unipolar.
As given by (7), the use of magnitude extension enables the receiver to detect the candidate signal blindly. However, the error-free detection cannot be guaranteed and the bit error rate performance may be severely impaired. To enhance the accuracy of SI detection, the values of magnitude extension are designed such that they are periodical. Therefore, the values of magnitude extension of each candidate signal have the symmetry and periodicity. As an example, Fig. 4(a) and (b) show the V = C Fig. 4 . To reduce computational complexity, we limit the phase rotation to the set {±1, ±j} in the SSLM scheme. It can be seen that when the kth (1 ≤ k ≤ N /4 − 1) subcarrier is chosen for amplification, the corresponding (N /2 + k)th, the (N − k)th, and (N /2 − k)th subcarriers are amplified simultaneously for preserving Hermitian symmetry and periodicity. Notably, the average power per transmitted symbol is increased because magnitude extension is equal to or greater than one. Without loss of generality, we identify the increase in energy per transmitted symbol within one segment. The increase in energy with the SSLM schemes in decibels is given as (dB) = 10 · log 10
In fact, the energy increase must be considered when evaluating the bit error rate performance of a DCO-OFDM VLC system by using the SSLM scheme. To maintain a constant average energy level, the average energy of each transmitted symbol should be normalized as Table 1 summarizes the increase of the average power of transmitted signal for SSLM scheme. As seen in Table 1 , the increase in average power increases as magnitude increases. In addition, the increase in average power is reduced rapidly with the increase of N .
In the SSLM scheme, the SI index v used for indicating the transmitted signal with the lowest PAPR is not known a priori at the receiver end. Therefore, the SI index must be detected to recover the transmitted signal. According to Fig. 3 , the received optical signal is detected by using a photodiode and converted to an electrical signal. After serial-to-parallel (S/P) conversion and CP removal, the received frequency domain signal can be obtained by using N -point fast Fourier transform (FFT), converting the time domain signal to the frequency domain vector, as Y
T , where the kth element is 
k . Because the receiver knows the phase information of V candidate signals, the corresponding phase rotation of the transmitted signal can be obtained if the SI index v is estimated.
To sum up, the proposed SSLM method for DCO-OFDM VLC systems that does not require the transmission of SI can be summarized as follows:
Step 1: Define V distinct phase sequences P
Step 2: If the kth subcarrier within the first quarter of subcarriers (i.e., 1 ≤ k ≤ N /4 − 1) is selected to be amplified in the first segment, the corresponding (N − k)th subcarrier also requires magnitude multiplication to preserve its symmetry and the (N /2 + k)th subcarrier is chosen to be amplified to preserve periodicity. Simultaneously, the (N /2 − k)th subcarrier is chosen for amplification because of the (N /2 + k)th subcarrier is amplified. When S out of the first N /4 − 1 subcarriers of magnitude amplification factors are set as A , resulting in total of 4S subcarriers required to be amplified in a DCO-OFDM data symbol. Step 3:
SSLM into time domain signal by use of IFFT and the signal with the lowest PAPR among all candidate signals is selected and transmitted.
Step 4: The data symbol X is multiplied component-wise by V different phase sequences, resulting in V different candidate signal as given by (7). Notably, the maximum number of candidate signals
Step 5: In the receiver, the SI index can be obtained by minimizing the magnitude difference between the received signal and V phase sequences.
Analysis of Computational Complexity
The complexity of the proposed blind SI detection is analyzed in this section. In the proposed blind SI detection, the computational complexity comes from calculating the magnitude difference between the received signal and V phase sequences as (11) . Note that in performing the following analysis, the complexity of minimization operation is excluded since the complexity is the same in all schemes. For the computational complexity of each subcarrier, the detector requires one complex multiplication to calculate the Y
, where each complex multiplication requires four real multiplications and two real additions. It is known that a squared absolute operation requires two real multiplications and one real addition. Thus, the total computational complexities for each subcarrier are eight real multiplications and five real additions, respectively. Considering N subcarriers and V candidate signals, the total number of real multiplications and real additions required in proposed blind SI detection would be 8 N V and 5 N V , respectively. In the CSLM scheme, the SI blind detection is implemented by using optimal ML detector as given by [16] . It requires VM N operations of squared absolute value to detect index by searching all M N data complex symbols for M -ary modulation. Therefore, the total number of real multiplications and real additions required in CSLM is equal to 2VM N and VM N , respectively. The complexity grows exponentially with the number of subcarriers. Table 2 summarizes the complexities of different SI detection methods. Obviously, the complexity of the proposed blind SI detection is much lower than that of CSLM with ML detection.
Simulation Results
In this section, the performance of the SSLM scheme and the corresponding SI detection are evaluated by conducting simulation experiments. In the simulations, the data symbols of the DCO-OFDM VLC system were 16-QAM modulation with Gray mapping, and the number of total subcarriers N equaled 128. Approximately 10 6 data blocks were generated randomly, where each block was oversampled by a factor of L = 4 to approximate the true PAPR. The V-I characteristics of Seoul semiconductor F50360 LED with V tov = 1.8 V and V sat = 2.8 V is considered as the transmitter [17] . Moreover, channel estimation is assumed to be perfect and the indoor dispersive optical channel is an exponentially decaying fading channel, whose channel impulse response is given as [18] 
where τ is the exponential decay time constant, and u(t) is the unit step function. PAPR reduction was assessed by evaluating the complementary cumulative distribution function (CCDF) defined as the probability that PAPR exceeds a certain threshold γ
The probability of SI detection error P de is the probability that a receiver cannot recover the SI index. Fig. 6 shows the dependence of P de on the magnitude extension factor for different numbers of candidate signals. In this simulation, B D C was set to 13 dB, and all results were obtained for SNR = 10 dB. In order to minimize the required transmitted power, the different number of the candidate signals is obtained by setting S = 1. The algorithm introduced in Section III was adopted to recover the SI index. It was seen that P de decreased with increasing magnitude extension for AWGN and multi-path channel since the larger A are more distinguishable. In addition, increasing the number of candidate signals led to an increase in detection error.
The effect of magnitude extension on BER performance is a major aspect that should be investigated. Fig. 7 shows the comparison of BER of the CSLM scheme with perfect SI, CSLM with the ML optimal decoding [16] and the proposed decoding scheme with various magnitude extension values. From this figure, it can be seen that both the CSLM scheme with perfect SI and CSLM with the ML optimal decoding can achieve almost the identical BER performance. In addition, it is shown that BER of the SSLM with proposed SI detection scheme is similar that of both the CSLM scheme with perfect SI and CSLM with the ML optimal decoding if the magnitude extension factor is equal to or greater than 1.8. Observing Figs. 6 and 7, a setting of A = 1.8 yields the best balance between the SI detection performance and the BER performance. Consequently, in all subsequent simulation experiments for PAPR reduction and BER performance, we assumed A = 1.8. In Fig. 8 , we compared the BER of clipping method and the three SLM-based methods including SSLM, CSLM scheme with perfect SI and CSLM scheme with the ML optimal decoding. The results show that, in cases of clipping ratio of 8 dB and 10 dB, the proposed SSLM scheme outperforms clipping method for SNR > 10 dB and SNR > 14 dB, respectively. achieved with SSLM at a CCDF of 10 −3 for V = 4, V = 8, V = 16, and V = 31, respectively. It can also be seen that the SSLM and the CSLM schemes yield identical PAPR reduction performance for a given number of candidate signals, while SSLM does not require any side information and the computational complexity of the proposed SI detection is much lower as compared to CSLM with the ML detection. Finally, it is seen that clipping method with clipping ratio of 8 dB achieves the best PAPR reduction performance at the cost of BER.
Conclusion
We have proposed a novel PAPR reduction scheme called SSLM for DCO-OFDM VLC systems. The proposed scheme reduced PAPR effectively without requiring side information, while preserving the real-valued property of time domain signals. The proposed scheme therefore allows for data decoding with low complexity linear operations at the receiver side. Compared to basic DCO-OFDM with no PAPR reduction scheme, the proposed SSLM scheme provides substantially better PAPR reduction performance. Moreover, the SI detection error rate of the proposed method is very close to that of perfect SI detection with a slight increase in transmitted average power.
